Abstract-In this letter, a miniaturized microstrip balun is presented. It replaces the half-wavelength open microstrip line in Marchand balun with a quarter-wavelength short microstrip line. Also, to improve the insertion loss, an I-shaped slot is etched in the ground. Finally, a rectangular slot is etched in the ground near port 2 to further eliminate the imbalance. The measured result shows that the bandwidth of the proposed balun for |S 11 | ࣘ −10 dB is from 1.19 to 3.23 GHz, and the relative bandwidth is about 92.3%. In the operating band, the maximum amplitude and phase imbalance are 0.49 dB and 6.5°, respectively. The realized balun has a dimension of 17.5 × 18 mm 2 , equal to 0.1λ g × 0.1λ g (λ g is the guided wavelength at 1.17 GHz, the lowest operating frequency).
I. INTRODUCTION

B
ALUN can transform an unbalanced signal into two balanced signals. Nowadays, with the development of communication technology, the balun is required to have a compact structure and a wide bandwidth. To satisfy such requirements, some reformed Marchand baluns were proposed [1] , [2] . In [1] , a new broadband Marchand balun with slot-coupled microstrip lines was proposed. It has a 10-dB return-loss bandwidth of 90%. In [2] , a new compensation method for a Marchand balun with an arbitrary connecting segment between the outputs was developed and rigorously analyzed.
The branch-line balun was another kind of balun with a wider bandwidth [3] , [4] . In [3] , a compact balun with bandwidth enhancement was first proposed based on the fully artificial, fractal-shaped composite right/left-handed transmission line (CRLHTL). In [4] , the improved performance was achieved by meandering the branches and attaching a quarter-wavelength stub at the upper right corner of the conventional branchline balun. Wilkinson power-based baluns were also the popular structures owing to their ease of implementation [5] , [6] . They consisted of a wideband Wilkinson power divider and a noncoupled-line broad-band 180°phase shifter.
In addition, there were some other typical baluns. In [7] , a wideband microstrip balun structure based on the higher-order mode microstrip line was offered. It made full use of the oddsymmetrical field pattern of the higher-order mode microstrip and inherently achieved the 180°out-of-phase and equal magnitude outputs. In [8] , by properly converting a symmetric four-port balanced-to-unbalanced bandpass filter to a threeport device, a novel three-port balun bandpass filter with both functions of balun and bandpass filter was realized. In [9] , a novel metamaterial balun, which directly suppressed the even mode and passed through the odd mode, was proposed. It contained a pair of identical microstrip metamaterial transmission lines, which were based on a CRLHTL. In [10] , a planar balun based on parallel-coupled microstrip lines was presented. It included a T-junction of stepped-impedance and tapered microstrip lines and two pairs of stepped-impedance parallelcoupled lines. Moreover, 3-D baluns with multilayer topologies were also the research interests due to their small dimensions [11] . In this letter, a miniaturized microstrip balun with a wider bandwidth is presented. To miniaturize the balun, the halfwavelength open microstrip line in Marchand balun is replaced by a quarter-wavelength short microstrip line. However, the signal input to the short microstrip line cannot be coupled to another microstrip line through the edge with short probe. Then, an Ishaped slot is inserted. Also, a rectangular slot near port 2 is etched on the ground to further eliminate the imbalance. The measured result shows that the proposed balun has a bandwidth of 92.3% from 1.17 to 3.23 GHz. In the whole frequency band, the maximum amplitude and phase imbalance are 0.49 dB and 6.5°, respectively.
II. STRUCTURE DESCRIPTION AND ANALYSIS
The configuration of the miniaturized microstrip balun is described in Fig. 1 . It consists of the patch layer (the dark gray area), dielectric layer, and ground plane (the light gray area). The patch layer includes two microstrip lines. Line 1 is a shorted line. One port of it is the unbalanced port 1 of the balun, and the other one is shorted. The length of the shorted microstrip line 1 is equal to λ g /4 (λ g , the guided wavelength at the center operating frequency). Line 2 is a normal microstrip line, and its two ports are balanced ports 2 and 3 of the balun. The ground plane is divided into two parts by an I-shaped slot gap. Also, a rectangular slot with a dimension of l s1 × w s1 is loaded on the ground plane near port 2 to eliminate the imbalance further. The balun was implemented on a Rogers RO4003 substrate with a dielectric constant of 3.38, a loss tangent of 0.0027, and a thickness (h) of 0.8 mm. The dimensions of the balun are shown in Table I. 1536-1225 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. 
A. Working Mechanism of the Balun
First, the working mechanism of the balun is investigated by analyzing the surface current distribution and S-parameters in Figs. 2-4. Fig. 2 illustrates the results when a full ground plane is arranged under the patch. In Fig. 2(a) , because line 1 is shorted, most of the input signals return to port 1 and cannot be coupled through the gap between line 1 and line 2. Therefore, only few of the signals can arrive at the ports 2 and 3. As a result, in Fig. 2(b) , from 1 to 10 GHz, |S 11 | > −1 dB, |S 21 | < −17 dB, and |S 31 | < −18 dB. Also, the phase difference |φ 23 |(|φ 31 − φ 21 |) between S 21 and S 31 varies within the range of 96°-232°. In this case, the device cannot act as a balun. To enhance the coupling between the two lines, a slot in the center of ground plane along the x-axis is etched. The results in this case are illustrated in Fig. 3 . From the surface current distribution in Fig. 3(a) , we can see that the current coupled to line 2 from line 1 is improved greatly and is basically symmetrical with respect to the x-axis. Therefore, in Fig. 3(b) , from 1 to 3 GHz, |S 21 | and |S 31 | increase greatly and |S 21 | approaches |S 31 |. The amplitude imbalance shows |S 31 | − |S 21 | < 0.3 dB. Also, |φ 23 | is in the range of 178°-183.7°. Obviously, the signal output from ports 2 and 3 is with the reversed phase but equal amplitude. Therefore, the device can implement the performance of the balun. It has a −10-dB bandwidth of 81%, from 1 to 2.37 GHz. However, it is noted that |S 21 | and |S 31 | decrease after 2 GHz because of radiation from the long slot. For example, the values at 2.37 and 3 GHz reduce to −4.45 and −6 dB, respectively. To lessen the radiation and improve the bandwidth, the long slot is shortened as an I-shaped slot, and the results are shown in Fig. 4 . Fig. 4(a) shows the current distribution when l s = 4.5 mm. It can be observed that the signal can still be effectively coupled. Fig. 4(b) shows |S ij | for different l s . With the increase in l s , the −10-dB bandwidth of |S 11 | reduces. For |S 21 | and |S 31 |, from 1 to 2.5 GHz, they are basically equal. After 2.5 GHz, they all decrease. The larger the l s , the larger is the rate of descent. When l s = 4.5 mm, at 3 GHz, |S 21 | = |S 31 | = −4.6 dB. In this case, the balun obtains −10-dB bandwidth of 100.9%, from 1.27 to 3.86 GHz. In this band, the amplitude imbalance is 1.3 dB. In addition, from 1.27 to 3.86 GHz, |φ 23 | has a similar value as that in Fig. 3(b) . To simplify, it is not displayed. λ g , the guided wavelength at the lowest operating frequency.
B. Effects of the Rectangular Slot on the Balun
Finally, the effects of the rectangular slot loaded on the ground near port 2 are explored, and the results are shown in Fig. 5 . The maximum |S 31 | − |S 21 | appears at 3.86 GHz. Before and after the slot is etched, it is 1.28 and 1.06 dB, respectively. An improvement of 0.22 dB is obtained. The best improvement appears at 2.88 GHz, and it is 0.47 dB. In addition, it can also be observed that the rectangular slot has less influence on the S 11 .
III. MEASURED RESULTS AND DISCUSSIONS
The compact microstrip balun is realized, and its photograph is shown in Fig. 6 . It is measured using Agilent 4-Port PNA network analyzer N5221A and the measured S-parameters are displayed in Figs. 7 and 8 . In Fig. 7 , the resonant frequency of the balun is 2.21 GHz, and the impedance bandwidth for |S 11 | ≤ −10 dB is from 1.19 to 3.23 GHz. The relative bandwidth is about 92.3%. Also, within this frequency range, the |S 21 | varies from −5.1 to −3.5 dB, while the |S 31 | changes from −4.9 to −3.5 dB. The maximum amplitude imbalance appears at 1.79 GHz, and it is 0.22 dB. In Fig. 8 , from 1.19 to 3.23 GHz, the |φ 23 | varies in the range of 174.4°-182.9°. The maximum phase imbalance appears at 2.8 GHz, and it is 5.6°. Compared to the simulated results in Fig. 5(b) , the measured maximum amplitude imbalance 0.22 dB closes to the simulated one [0.3 dB at 3.23 GHz in Fig. 5(b) ] and the maximum phase imbalance is larger than the simulated one.
Finally, Table II lists the key data of this study and those reported baluns. It is interesting to note that the proposed balun obtains a comparable broadband performance (which is only lower than the result in [10] ) and the most compact area among the available data using double-layer printed-circuit board.
IV. CONCLUSION
In this letter, a compact balun is realized by replacing the half-wavelength open microstrip line in Marchand balun with a quarter-wavelength short microstrip line. Also, an I-shaped slot is etched to improve the insertion loss. Meanwhile, a rectangular slot is used to achieve balance between the output ports and get a wider bandwidth. The new balun is carefully designed, fabricated, and measured. The measured results are in agreement with the simulated results. The results show that the balun obtains a wider impedance bandwidth of 92% in a compact area of 0.1λ g × 0.1λ g using a double-layer printed-circuit board. The proposed technology allows additional degree of freedom in developing compact devices and shows superiority compared to other techniques, and thus should benefit future compact and broadband devices design.
